Fruit splitting or cracking is a major physiological disorder in fruit trees markedly 29 influenced by environmental conditions, but conclusive data still are required to provide 30 a definite explanation and preventive measures. Changes in climatic conditions 31 critically influence fruit splitting incidence. We studied plant-soil-ambient water 32 relations in splitting-prone citrus grown under 4 contrasting environmental conditions 33 (climate type and soil), in Spain and Uruguay, over a six years period. Automatic trunk 34 and fruit diameter measurements (trunk and fruit growth rate and maximum daily trunk 35 shrinkage), which indicate tree water status, together with factors modifying the tree 36 and fruit water relationship (temperature, ET, rainfall, soil texture, soil moisture, 37 rootstock and xylem anatomy) were studied and correlated with splitting. 38
6
These observations indicate that splitting is a highly complex disorder, which cannot 125 be attributed to one single factor. In this research we tested the hypothesis that variable 126 tree water status induce sudden stressful changes in fruit growth patterns which in turn 127 lead to splitting. We studied plant-soil-ambient water relations in splitting-prone citrus 128 grown under 4 contrasting environmental conditions in Spain and Uruguay over a six 129 years period. 130 131
Materials and methods 132 133

Experimental design, plant material and orchard characteristics 134 135
Four experiments were conducted: 1) study of the relationship between environmental 136 (climate type and soil) conditions and fruit splitting; 2) study of the relationship 137 between tree water status and fruit splitting; 3) study of the relationship between xylem 138 anatomy and fruit splitting; 4) study of effect of the irrigation frequency on fruit 139
splitting. 140
The first experiment was conducted over a 6 years period (2009-2012; 2014-2015 ; 141 Table 1 ) with 10-to 14-year-old 'Nova' mandarin trees [Citrus clementina x tangelo 142 'Orlando' (Citrus.reticulata x Citrus. paradisi)], grown in five orchards under 143 contrasting environmental conditions. Three of the five orchards were in Spain, two in 144 Valencia (39º 35'N, 0º 44'W), in the Mediterranean coast, and one in Huelva (37º 25'N, 145 7º 3'W) in the Atlantic coast. Two more orchards were located in Uruguay, one in 146
Libertad (34º 40'S, 56º 42'W), in the Rio de la Plata coast, and the other in Salto (31º 147 24'S, 57º 50'W), a continental plot. Fruit splitting was measured in 10 trees per orchard 148 every 15 days during 4 months (end of summer to early fall) in each of the 6 years7 studied. Different trees were selected each year according to their uniformity in size and 150 fruit yield. Split fruits were counted and removed from the tree. Dropped split fruits 151 were also counted and removed from below the tree. At harvest, the number of fruits 152 remaining on the tree was recorded. A climatic station (Verdtech Nuevo Campo S.A., 153
Madrid, Spain) automatically recorded temperature, rainfall, evapotranspiration, and 154 soil moisture (see below). 155
Orchards were selected to obtain a range of soil and climatic conditions. Soils were 156 classified according to soil texture (USDA; www.nrcs.usda.gob) and soil characteristics 157 were determined by AGQ Labs and Technological Services S.A (Spain) (for more 158 details visit www.agq.com.es). In Spain, the Valencia orchards had loamy (48% sand, 159 16% clay, 36% silt) to sandy-loam (72%, 14%, 14%) soil texture, pH 7.2-7.5, and 2.5-160 3.5 % organic matter. The Huelva orchards had sandy-loam (76%, 10%, 14%) to loamy-161 sand (85%, 10%, 5%) soil texture, pH 7.3-7.6 and 0.3-0.5 % organic matter. In 162 Uruguay, the Libertad orchard had silty-clay-loam (16%, 32%, 52%) texture, pH 7.1 163 and 2.9% organic matter, whereas the Salto orchard had fine-sand (94%, 4%, 2%) 164 texture, and 0.5 % organic matter. Thus, the orchards differed mainly in terms of soil 165 texture and organic matter content. According to the Köppen-Geiger climatic 166 classification (Peel et al., 2007) 
Results 261 262
Environmental conditions and splitting incidence 263 264
The incidence of fruit splitting depended on the orchard and the year. For a given year 265 (2012), the splitting percentage in the 'Nova' mandarin varied among orchards from 266 1.2% to 19.5% (Table 1) , and for a given orchard, for instance Huelva I and II, and 267
Valencia III, the splitting percentage varied among years from 8.7%, 8% and 5% to 268 27.0%, 16% and14%, respectively (Table 1) . Nevertheless, in some cases, no significant 269 differences among years were found for a given orchard. For instance, the splitting 270 incidence in the Libertad orchard was always the same (<2%) ( Table 1) . 271
Hence, results suggest a close relationship between environmental factors and splitting. 272 Accordingly, the influence of soil texture, soil moisture (SM %), and climatic 273 conditions [average temperature, tm (ºC); evapotranspiration, ET0 (mm d -1 ); and 274 precipitation, P (mm)] on the incidence of fruit splitting was studied. Soil texture 275 significantly varied between orchards and, thus, in 'Nova' mandarin splitting correlated 276 inversely with clay and silt percentages, and positively with sand percentages (P<0.05; 277
Figure 1). 278
Under 85% sand soil conditions (Huelva I orchard, Spain), the highest yearly rate of 279 incidence of split fruit coincided in dates (late September) but not in intensity. Both 280 total splitting incidence and number of fruits split per tree and day were significantly 16% sand) had a significantly higher SM than the orchard located in Salto (7.5% fruit 314 splitting, 94% sand). But more importantly, in Salto, SM was irregular varying from 315 10% to 37% whereas in Libertad SM varied less (0.7-fold in average) from 53% to 316 41%. Under these conditions, rainfall was only correlated to fruit splitting in Salto (data 317 not shown). These results suggest a relationship between tree-water status and splitting 318 incidence. 319 2) on the 17 th the trunk did not shrink. As a result, fruit changed its natural daily 332 growing pattern (16 h increase, 8 h decrease) and grew continuously at maximum 333 growth rate (55.9 µm h -1 on average) for 46 h. Under these conditions, the fruit splitting 334 rate rose from 6 to 10 split fruits a day. 335
Changes in TGR and MDS were found to be more intense and much more frequent in 336 2010 ( Figure 4B and 4C) than in 2012 ( Figure 4D and 4E), and splitting incidence was 337 significantly higher in the former (Table 1) . More importantly, they coincided with 338 pronounced changes in the fruit splitting rate and in tm, ET0 and P (Figure 2) . 339
In Citrus, tree water status has been related with the xylem vessels diameter which, in 340 turn, is influenced by rootstock. Thus, it was logical studying the effect of the rootstock 341 on the splitting incidence. The histological study of the peduncles showed that the 342 number of xylem vessels per peduncle did not differ significantly among rootstocks 343 (data not shown), but the average diameter of xylem vessel in peduncles was 8% to 15% 344 larger in the citrange rootstocks than in the Cleopatra mandarin, FA-5, and P. trifoliata 345 ( Figure 5B) . Indeed, the average proportion of affected fruit in trees grafted onto 346 citrange rootstocks, Carrizo and C-35, varied between 9% and 16% on average, 347 depending on the species ('Nova' mandarin > 'Clemenrubi' Clementine mandarin > 348 'Chislett' Navel orange), and was significantly higher than in trees grafted onto 349 Tables 517 Table 1 
